Objective To examine the current extent of the obesity problem in 2 large pediatric clinical registries in the US and Europe and to examine the hypotheses that increased body mass index (BMI) z-scores (BMIz) are associated with greater hemoglobin A1c (HbA1c) and increased frequency of severe hypoglycemia in youth with type 1 diabetes (T1D).
H
istorically, obesity was rare in people with type 1 diabetes (T1D) because of the ineffective methods to achieve glucose control. In 1993, the Diabetes Control and Complications Trial (DCCT) established the importance of intensive diabetes management in adults and adolescents with T1D, 1,2 but this therapy paradigm was accompanied by increased weight gain in intensively treated participants. 3, 4 In the follow-up to the DCCT, the Epidemiology of Diabetes Interventions and Complications (EDIC) study, increased body mass index (BMI) was associated with increased cardiovascular disease risk factors and markers of atherosclerosis (coronary artery calcification and carotid intima media thickness). 5 In a similar time period as the transition to intensive therapy for patients with T1D, Western countries have experienced an epidemic of pediatric obesity, 6 and youth with T1D are unlikely to have been spared from these effects. Increased BMI in youth with T1D has been reported in clinic-based and national cohorts [7] [8] [9] [10] [11] [12] [13] [14] and is associated with a more atherogenic cardiovascular disease risk profile. 11, 13, 15 Increased BMI increases insulin resistance; however, the association of BMI, insulin resistance, hemoglobin A1c (HbA1c), severe hypoglycemia, and daily insulin doses is complex. International data comparing BMI in youth with T1D and the association of BMI with glucose control across countries do not exist.
The T1D Exchange (T1DX) registry in the US and the Diabetes Prospective Follow-up (DPV) registry in Germany and Austria are 2 large consortia of pediatric diabetes centers that were established with an objective of improving the care of children with T1D through sharing of best practices and the collection of clinical outcome data in large numbers of patients. In this collaborative study, both T1DX and DPV used queries of their databases to describe the prevalence of increased BMI z-scores (BMIz) in youth with T1D who were 2 to <18 years of age and had $1 year duration of diabetes. In addition, we tested the hypothesis that increased BMIz was associated with poorer metabolic control (greater HbA1c and increased frequency of severe hypoglycemia) in both registries.
Methods
The T1DX Clinic Network includes 70 US-based pediatric and adult endocrinology practices in 34 states. A registry of more than 26 000 individuals with T1D commenced enrollment in September 2010. 16 Each clinic received approval from a local institutional review board (IRB). Informed consent was obtained according to IRB requirements. Data were collected for the registry's central database from the participant's medical record and by having the participant or parent complete a comprehensive questionnaire, as previously described. 16 The DPV registry is a prospective longitudinal, standardized, and computer-based documentation system for patients with all types of diabetes. Currently, more than 90% of German and more than 70% of Austrian children with diabetes are included in the registry. Data are documented locally by the 391 participating centers in an electronic health record. Twice yearly, anonymized data are exported and transmitted for central analyses. Missing and inconsistent data are reported back to the centers for correction. Data collection is approved by the ethics committee at Ulm University and by the IRBs at the participating centers. 17, 18 This report includes data on 32 936 children 2 to <18 years of age with a T1D duration of at least 1 year and available height and weight data; 11 435 participants enrolled in the T1DX from September 2010 to August 2012 at 59 sites who care for pediatric patients and 21 501 patients from 262 sites in the DPV who had at least one office visit in either 2011 or 2012. All eligible T1DX and DPV participants were included in this analysis. Median HbA1c over the year before the registry assessment, calculated from all available for the previous year but excluding any values obtained within 3 months of diagnosis, was used to represent HbA1c in this analysis. For both the T1DX and DPV, all HbA1c values were DCCT-standardized. 19, 20 Severe hypoglycemia was defined by both registries as a hypoglycemic event in which seizure or loss of consciousness occurred. The numbers given correspond to the percent of patients with at least one severe hypoglycemia event during the previous year. BMI percentiles and z-scores were calculated from height and weight and adjusted for age and sex, using both international (World Health Organization [WHO] ) and national (Centers for Disease Control and Prevention [CDC] for T1DX and German Health Interview and Examination Survey for Children and Adolescents
[KiGGS] for DPV) reference tables. [21] [22] [23] [24] [25] [26] Extreme BMIz <À3 and >+3 were truncated. In the WHO and the national reference populations, a BMIz of 0 represents the mean value of the population; values above the mean are positive and values below the mean are negative. BMI categories were defined using BMIz according to pediatric standards for each source. 22, 26, 27 Underweight individuals were excluded from analyses that assessed glucose control, because underweight status in adolescents with T1D often is caused by eating disorders, and psychiatric disorders have a strong impact on HbA1c and severe hypoglycemia.
In the T1DX, data were obtained through a combination of clinic and participant-report. Method of insulin delivery (pump/injection), height, weight, HbA1c values, and frequency of severe hypoglycemia were extracted retrospectively from the medical chart. Rates of self-monitoring of blood glucose and insulin dose were obtained from participant report via completion of a questionnaire. Conversely, all data from the DPV were extracted from the electronic medical record, as documented by members of the local diabetes team during routine patient care. All data from T1DX were obtained at the enrollment visit and data from DPV were collected from office visits that occurred during 2011 or 2012 (a similar time period as T1DX enrollment).
Statistical Analyses
To compare BMI between the 2 registries, a mixed model was used with BMIz calculated from the WHO reference tables. The model accounted for site differences and adjusted for T1D duration, sex, age group, and the interaction between registry and age group. Mixed models also were used to assess whether BMI was associated with HbA1c or severe hypoglycemia, overall (WHO reference and adjusted for T1D duration, sex, age group, registry, and random site effect) and within each registry (CDC or KiGGS reference and adjusted for T1D duration, sex, age group, and random site effect). Tests of significance were reported from models using BMIz as a continuous variable; adjusted means were reported from models using BMI as a categorical variable. Underweight individuals (based on corresponding cutoffs for underweight categorization) were excluded from these analyses. Although BMIz adjusts an individual BMI value for age and sex of the reference population, these factors were not fully adjusted for in our population and thus were included in the statistical models to account for residual confounding that could be present in this analysis cohort. All statistical analyses were performed using SAS 9.4 (SAS Institute, Cary, North Carolina). All P values are 2-sided. A priori, in view of the large sample size and multiple comparisons, only P values <.01 were considered statistically significant.
Results
Participant characteristics of children in the T1DX and DPV registries can be found in Table I . Children in both registries were similar with respect to sex, total daily insulin dose per THE JOURNAL OF PEDIATRICS www.jpeds.com Vol. 167, No. 3 kilogram, and frequency of severe hypoglycemia, but a greater percentage of children in T1DX were using an insulin pump (56% vs 45%). Children in T1DX also had a greater mean HbA1c level (8.5% vs 7.9%) than those in DPV.
Children in both registries had an increased BMI compared with international reference values (unadjusted median BMIz 0.78 for T1DX and 0.65 for DPV) and their respective national reference values (unadjusted median BMIz 0.74 for T1DX and 0.33 for DPV) ( Table I) . Overall, by the WHO, 12% (n = 3977) of children in both registries combined were considered obese, 24% (n = 7825) overweight, 64% (n = 20 942) normal weight, and <1% (n = 192) underweight (Table II) .
When comparing BMIz between the registries using WHO reference tables, BMI was significantly greater in T1DX than in DPV (P < .001; Table I ). Differences in least squares mean BMIz by age group are shown in Figure 1 , adjusted for T1D duration, sex, age group, and the interaction between registry and age group. No significant difference in BMIz was found in the 2-to <6-year-old group (P = .10), but children in T1DX had greater BMIz than DPV children in all other age groups (P < .001 for all).
Overall, greater BMIz (WHO) was associated with greater HbA1c, adjusted for T1D duration, sex, age group, and registry (P < .001; Figure 2 , A). When we looked at the registry-specific BMIz (CDC or KiGGS), greater BMI also was associated with WHO: Underweight: Z-score < À1.881 (<3rd percentile). Normal weight: À1.881 # Z-score # 1.036 (3rd-85th percentile). Overweight: 1.036 < Z-score # 1.881 (>85th-97th percentile). Obesity: Z-score > 1.881 (>97th percentile). CDC: Underweight: Z-score < À1.645 (<5th percentile).
Normal weight: À1.645 # Z-score < 1.036 (5th-<85th percentile). Overweight: 1.036 # Z-score < 1.645 (85th-<95th percentile). Obesity: Z-score $ 1.645 ($95th percentile). KiGGS: Underweight: Z-score < À1.282 (<10th percentile).
Normal weight: À1.282 # Z-score # 1.282 (10th-90th percentile). Overweight: 1.282 < Z-score # 1.881 (>90th-97th percentile). Obesity: Z-score > 1.881 (>97th percentile).
greater HbA1c within each registry (P < .001 for both, adjusted for T1D duration, sex, and age group). Similarly, greater BMIz (WHO) was associated with increased frequency of at least one severe hypoglycemia event in the past year, adjusted for T1D duration, sex, age group, and registry (P < .001, Figure 2 , B). However, when we examined registry-specific BMIz (CDC or KiGGS), greater BMIz was significantly associated with severe hypoglycemia within DPV (P = .004) but only marginally within T1DX (P = .05).
Discussion
In contrast to historic experience, our data demonstrate that youth with T1D have increased BMIz compared with the international norms developed by the WHO and the respective national norms for youth in the US and in Germany/Austria. These data extend the findings of recent reports from the DCCT/EDIC study to highlight the consistency of increased BMI in Western countries in which intensive management of T1D is standard of care. 5 Of particular concern, our cross-sectional data also demonstrate that greater weight in youth with T1D may be inversely associated with achieving the goals of intensive treatment, because increased BMIz was associated with greater HbA1c in both registries. This relationship between HbA1c and BMI was not found by Redondo et al, 28 but those authors assessed a cohort of newly diagnosed patients with T1D, whereas our report was limited to participants with at least 1 year T1D duration (mean duration 4.8 AE 3.5 years). Increased BMIz was associated with a greater risk of severe hypoglycemia in the DPV cohort, but an association between BMI and severe hypoglycemia was not found in the T1DX registry. These differences in HbA1c and severe hypoglycemia between BMI groups, however, were small and may not be clinically relevant. Further, the cause-effect relationship of the association between severe hypoglycemia and BMI is uncertain.
Compared with international WHO BMI standards, youth in the T1DX were more obese than youth in the DPV, except in the 2-to <6-year old group. It is likely that the differences in lifestyle and nutrition that contribute to increased rates of obesity in children without diabetes in the US compared with Europe also contribute to the different prevalence of overweight and obesity in youth with T1D. Whether differences in nutritional counseling and carbohydrate counting recommendations for patients with T1D between US and Europe also contribute to these trans-Atlantic differences in BMI remains to be determined.
Healthy weight is an important component of care for youth with T1D but how to achieve this goal while maintaining glucose and HbA1c levels as close to normal as possible with intensive insulin therapy has not been established. Greater attention to avoidance of excessive caloric intake and better food choices early in the treatment of T1D, encouragement of regular physical activity, reduced screen time, and the elimination of unnecessary snacks are among the factors that could play roles in achieving and maintaining healthy weights in this population. Given the challenges of preventing and treating obesity in youth with T1D who receive intensive treatment, adjunctive therapies to insulin, like metformin, glucagon-like peptide 1 agonists and sodium-glucose cotransporter-2 inhibitors that have been shown to lower HbA1c and body weight in adults with THE JOURNAL OF PEDIATRICS www.jpeds.com Vol. 167, No. 3 T2D, could be important additions to current options for care in youth with T1D. 29, 30 Recent studies indicate that the benefits of limiting excessive weight gain in children and adolescents with T1D extend beyond improvements in body image and psychosocial wellbeing to include a reduction in insulin resistance and cardiovascular risk factors. Insulin resistance is increased in youth with T1D compared with youth without diabetes of similar age, sex, and BMIz, especially in children who fail to achieve target HbA1c levels. 31, 32 As insulin resistance increases so do cardiovascular disease risk factors. 33 Similarly, data from the DCCT/EDIC study in adults with T1D indicate that excessive weight gain is associated with insulin resistance, hypertension, dyslipidemia, central obesity, and more extensive atherosclerosis (as assessed by coronary artery calcium and carotid intima media thickness). 5 Further studies on the magnitude of the association of obesity with vascular disease risk factors in youth with T1D are needed. 34 As with any comparison between 2 large clinical registries, differences in the data collection methods are a potential limitation. Severe hypoglycemia events were clinic-reported for both registries; however, the type of data extraction-manual for T1DX and automatic for DPV-may have led to underreporting of events within T1DX. For this report, although there may be some differences in the collection of height and weight measurements across the clinics, it is highly unlikely that all errors are in the same direction, thus reducing the possibility of systematic bias. In addition, standardized measurements of height and weight via the use of calibrated devices and trained personnel are standard in pediatric endocrine/diabetes clinics taking care of children with T1D. Regarding possible differences in HbA1c measurements, we have reported previously that in both registries HbA1c methods are DCCT standardized and 3 different sensitivity analyses did not change results in a comparison focused on between-registry HbA1c differences in children <6 years of age. 19 It is possible, however, that assay variation may mask relationships with HbA1c. As noted previously, the very large sample sizes of the 2 registries may result in associations that are statistically significant but not clinically important.
It also should be noted that the reference tables used to calculate BMIz are somewhat outdated, particularly CDC data, which was collected before 2000. The KiGGS reference tables are also somewhat dated, because the normative data were collected from 2003 to 2006. However, for the aim of comparing BMI between the registries, the potentially outdated reference tables are not a limitation. Finally, the DPV registry is a population-based sample that included 70%-90% of all potential patients in Germany and Austria whereas the T1DX registry is a sample of patients from participating pediatric diabetes centers staffed by pediatric endocrinologists and only includes the children of families who volunteered to participate. The T1DX registry participants represent about one-fourth of the patients with T1D who are followed at a T1D Exchange Clinic Network site 16 ; thus, the T1DX data may not be representative of all youth with T1D in the US. Although it is difficult to compare socioeconomic status between the 2 registries, the proportion of minorities was similar for each group-21% of T1DX participants were not non-Hispanic white and 20% of DPV participants had a history of migration (defined as at least one parent born outside of Germany or Austria).
In conclusion, the obesity epidemic has not spared youth with T1D, because youth in both the T1DX and DPV registries have increased BMIz, with youth in the T1DX being more obese than those in DPV. Increased obesity in youth with T1D has negative implications for glucose control, vascular disease risk factors, and future health outcomes. Data from large registries such as the T1DX and the DPV allow for a comparison of diabetes care and the opportunity to focus clinical care to improve outcomes for people with T1D. An important future direction is to further delve into how practices differ between countries in an effort to discover which diabetes care strategies are most effective for youth with T1D. n Submitted for publication Nov 19, 2014 ; last revision received Apr 28, 2015; accepted May 22, 2015. Reprint requests: Stephanie N. DuBose, MPH, Jaeb Center for Health Research, 15310 Amberly Drive, Suite 350, Tampa, FL 33647. E-mail: T1DStats@jaeb.org
